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The equation for thermionic emiss ion  f rom hot cathodes in the presence of a low-tempera-  
ture plasma is discussed.  The distribution function is obtained for the magnitude of the 
e lectr ic  field intensity at the surface of the cathode, taking account of the effect of the indi- 
vidual fields of the various ions moving in the near-cathode layer .  The thermionic flux 
density due to fluctuations of the field is found to be significantly higher than that calculated 
by Richardson 's  formula with Schottky's correc t ion.  

Richardson 's  c lassical  formula with Schottky's cor rec t ion  for the thermionic cur ren t  density 

] o = A T 2 e x p  - - - ~ - +  kT / 
(1) 

where A is the thermoemiss ion  constant,  T is the cathode temperature ,  e is the charge of the electron,  q)0 
is the work function, k is Bol tzmann's  constant, and E is the field strength at the cathode, is applicable if 
the magnitude of the e lectr ic  field strength is known near the surface of the cathode. In the case of e l ec -  
t ron emiss ion  in vacuo, the field E is defined as the field at a given point of the cathode acting at a given 
instant. In the case of e lect ron emiss ion in a plasma,  in o rder  to calculate the cur ren t  density formula (1) 
is also used frequently, in which the quantity E denotes the average e lec t r ic  field at the surface of the cath- 
ode, found by solving Poisson ' s  equation on McCohn's assumptions.  The use of such a procedure for find- 
ing the emiss ion current  density in the presence of a plasma is very doubtful. When calculating the therm- 
ionic cur rent  by formula  (1), it was proposed in [1] to take into account the individual fields of the various 
ions moving in the cathode region, in addition to the central  field. 

Between the "hot" cathode and the neutral plasma there is a region of an uncompensated space charge 
of ions. Ions moving toward the cathode create  a fluctuating e lec t r ic  field on its surface,  the magnitude of 
which at each point of the cathode depends on the number of ions near  it and their  disposition. We empha- 
size that any effect on the magnitude of the e lectr ic  field at an a rb i t r a ry  point of the cathode comes only 
f rom those ions whose charges  are not compensated for this point, i.e.,  ions located in the cathode screen-  
ing layer.  In the case of a low-temperature plasma, when the concentration of charged par t ic les  in the range 
f rom 1013 to 1018 cm -3, only a small  number of ions will determine the size and direct ion of the e lectr ic  
field at an a rb i t r a ry  point of the cathode; then, the fluctuations of the e lec t r ic  field at the surface of the 
cathode will be considerable and the use of a value for the central  field in formula (1) is very problematical ,  
especial ly as the dependence of j on E is strongly nonlinear. 

In order  to calculate the  thermionic cur ren t  density using formula (1), s t r ic t ly  speaking, for an arbi-  
t r a ry  point of the cathode it is necessary  to know the relat ion between the e lectr ic  field strength and the 
time, E(t). If, however,  E is a random quantity which at every  finite instant can assume values from its 
minimum to its maximum E , ,  then, it is possible to manage without knowing the function E(t). Such a p rob -  
able approach,  obviously, can be taken as acceptable as the field at  an a rb i t r a ry  point of the cathode is 
created by ions whose coordinates a re  random values.  Thus, in o rder  to describe the thermionic emiss ion 
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p r o c e s s  in  the p l a s m a ,  i t  is  n e c e s s a r y  to know the d i s t r i b u t i o n  funct ion  of  the e l e c t r i c  f ie ld  n e a r  the s u r -  

face  of the ca thode  f ( E ) .  

We s h a l l  f ind the d i s t r i b u t i o n  func t ion  f ( E )  wi th  the fo l lowing  a s s u m p t i o n s :  

1) The po in t  of  the ca thode  to be c o n s i d e r e d  i s  r e m o t e  f r o m  the l a t e r a l  b o u n d a r i e s  of  the d i s c h a r g e ,  
i . e . ,  t h e r e  a r e  no edge  e f f e c t s .  

2) The s u r f a c e  of  the ca thode  i s  p lane and  wi thout  r o u g h n e s s .  

3) Al l  ions  r e c o m b i n e  a t  the s u r f a c e  of  the ca thode .  

4) The p r o b a b i l i t y  of  f inding  an  ion  in  any f ixed  r e g i o n  of  the ca thode  s p a c e  i s  p r o p o r t i o n a l  to the 
v o l u m e  of th i s  r e g i o n ,  and  i s  i n d e p e n d e n t  of  w h e t h e r  o r  not  the ions  a r e  found h e r e .  

5) The ion c o n c e n t r a t i o n  in  the ca thode  r e g i o n  i s  a s s u m e d  to be  c o n s t a n t .  

6) The e l e c t r i c  f i e ld  s t r e n g t h  a t  a g iven  po in t  of  the ca thode  depends  only on the l o c a t i o n  of the ion  
" n e a r e s t "  to th is  poin t .  

We l o c a t e  the o r i g i n  of  the c o o r d i n a t e s  a t  the po in t  of  the ca thode  b e i n g  c o n s i d e r e d ;  the axes  x and y 
a r e  l o c a t e d  in  the p lane  of  the ca thode ,  and  the ax i s  z i s  d i r e c t e d  p e r p e n d i c u l a r  to i t  on the s ide  o f t h e  p l a s m a .  

If,  a t  the po in t  wi th  the c o o r d i n a t e s  r ( x ,  y ,  z) ,  t h e r e  i s  a p o s i t i v e  ion  with c h a r g e  q, then ,  a t  the po in t  
(0, 0, 0), t ak ing  into accoun t  i t s  m i r r o r  i m a g e ,  the ion  wi l l  c r e a t e  a f i e ld  

E = qr qrl 
r2-r r1~rl 

The absolute value of the field component along the axis z is equal to 

/~'z = 2q z 
r 2  /, 

L e t  us c o n s i d e r  two s u r f a c e s  Sl and S z fo r  which  the equations have  the f o r m  

E = 2qz (x ~ -4- f -4- z ~)-v' 

E - -  d E  = 2qz (x ~ --k y~ -+- z2) -8/~ 

Equa t ions  (2) and (3) def ine  a s u r f a c e  wi th  c o n s t a n t  c o m p o n e n t s  o f  the f i e ld  a long  the ax i s  z.  
vo lume  of a body  e n c l o s e d  i n s ide  the s u r f a c e  S 1 i s  equa l  to 

The 

(2) 

(3) 

V 1 = - ~ -  \--~/  

The vo lume  of  the body  e n c l o s e d  b e t w e e n  the s u r f a c e s  S& and S 2 i s  equa l  to 

(4) 

9 ~  (2q) % 
V 2 ~ - ~  dE (5) 

In o r d e r  tha t  the c o m p o n e n t  of  the  e l e c t r i c  f i e ld  s t r e n g t h  a long  the ax i s  z be  in  the r a n g e  f r o m  E to 
E--dE~ i t  i s  n e c e s s a r y  to s a t i s f y  two c o n d i t i o n s :  t h e r e  i s  no ion  wi th in  the s u r f a c e  S1, and t h e r e  is  one ion  
b e t w e e n  the s u r f a c e s  $1 and S 2, i . e . ,  

p (E  - -  d E  ~ Ez  ~ E)  = ] (E) dE  = p~p~ (6) 

w h e r e  Pi i s  the p r o b a b i l i t y  tha t  t h e r e  i s  no ion  wi th in  the s u r f a c e  S 1 , and P2 i s  the p r o b a b i l i t y  tha t  t h e r e  i s  
one ion  b e t w e e n  the s u r f a c e s  S 1 and S z. 

We c o n s i d e r  a cube ,  fo r  which  the c e n t e r  of  one s i d e  c o i n c i d e s  wi th  the o r i g i n  of the c o o r d i n a t e s .  
Suppose  tha t  the c h a r a c t e r i s t i c  d i m e n s i o n s  of th is  cube a r e  such tha t  i t s  vo lume  V 0 is  c o n s i d e r a b l y  g r e a t e r  
than  the vo lume  V l ,  i . e . ,  

vi / v0 ~ i (7) 

The r a t i o  V1/V 0 b e c o m e s  equa l  to 0.1 when E ~ 10 ~ V / c m ,  i . e . ,  with those  f i e lds  when i t  no l o n g e r  
e x e r t s  any e f f ec t  on t h e r m o e m i s s i o n ,  so long a s  the d i m e n s i o n s  of  the cube do not e x c e e d  a va lue  of  the 
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order  of the Debye radius; with increase  of the field E, 
the rat io (7) will be satisfied all the more .  Suppose 
that in the volume V o, there are N ions. In this case ,  
we shall consider  how the probabilit ies Pl and P2 will 
be writ ten 

pl = (t - -  V1 / v d  '~ 

In view of the inequality (7) and assuming that ' the 
quantity N is related with the ion concentrat ion in the 
cathode region by the relat ion 

n = N/Vo (8) 

and V1 is expressed  by formula (4), we obtain 

Fig. 1 

It is easy to show that P2 is wri t ten in the form 

( v,) r_ ~,, f~'::,l P l = e x P  - - N ~  =exPL i5 \ g /  J (9) 

p~ = N ~ kl - -  "~'o ] 

Taking Eq. (5) and (8) into account,  we obtain 

- 2gn (2q!,: d E [ t  i 2~ (2q)'/'dE (10) 
P~ = 5 z/, L vo 5 

We rewri te  relat ion (6), substituting the express ions  for Pi and P2 f rom Eq. (9) and (10) 

](E)dE-----oxp[-- 4~n [2q~'/" 1 2nn (2q)*l'dE[! - 2~ (2q)*hdE ] 
- i 7  \ T ]  j --V- ~ L 5Vo ~':-. 

Neglecting t e rms  of the second o rde r  of smal lness ,  we obtain finally, the required distribution function 

2rtn (2q) 3h [ 4gn (.~_)*/'] 
f (E )  = ---g-- ~ exp -- (11) 

The function f(E) for various concentrat ions is shown in Fig. 1. 

We note that distributions s imi la r  to Eq. (11) can be obtained f rom cer ta in  other  relat ions.  Thus, in 
cosmic  as t rophysics ,  the problem is frequently encountered where i t  is required to find the distribution 
function of the neares t  neighbor to a given mater ia l  point f ( r )  with a known concentrat ion of par t ic les .  
Chandrasekar  [2] obtained this distribution 

] (r) = 4nnr 2 exp ( , 4 n n r  3 1 3) 

If we consider  the case of charged par t ic les ,  then, at a given point the neares t  neighbor will create  
an e lec t r ic  field 

E = q / :  

Then, using the device of the theory of probability, we obtain 

% [ ; ' , 1  (12) 
= o [ - - ~ , ~ )  j f (E)  2:~n ~ e x p  4~n q "/, 

Comparison of expressions (11) and (12) shows that in the d is t r ibut ion (11) the t e rm n 2 : 2 / 5  occurs  
instead of n, i .e. ,  in this case ,  there should be a reduction of the effective concentrat ion of part icles  by a 
factor  of 5/2 C2-(if the effect of the ion image had not been taken into account,  then, a reduction of concen- 
t rat ion by a factor  of 5 would have occurred) .  This is explained by the fact that only the distribution of the 
component of the e lectr ic  field strength normal to the surface of the cathode has been considered,  and not 
the absolute value; moreover ,  the effect of part icles  disposed only for z > 0 was taken into account,  and not 
over  the entire space.  All this leads to the effective concentrat ion being n ,  = n2~/~/5 (without taking ac-  
count of the image n .  = n/5). 
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We shall discuss br ief ly the assumptions for which the distr ibution function f(E) is obtained. Assump-  
tion 1) is valid for thermionic cathodes with discharge cur ren ts  of o rde r  1A and higher,  as the cha rac te r i s -  
tic size Of the spot, in this case,  is somewhat l a rge r  than the thickness of the cathode layer  (more prec ise-  
ly, the region of the uncompensated space charge of the ions). Assumption 2)~ general ly speaking, is never 
s t r ic t ly  achieved, but it is shown in [3] that with prolonged heating of tungsten e lect rodes ,  the central  field 
s trength,  due to i r r egu l a r i t i e s , i nc r ea se s  by'a factor  of 10 approximately in compar ison with a smooth su r -  
face; on the whole, this pat tern above the surface of the cathode is unchanged in the case being considered 
as,  in cont ras t  f rom the centra l  field, the fluctuations remain  the same.  Assumption 3), in principle,  can- 
not affect the nature of the distribution function; when ion ref lect ion f rom the surface of the cathode is 
taken into account, the effective ion concentrat ion inc reases  in the cathode layer .  Assumption 4) is 
achieved quite well up to avolume size comparable  with the effective volume of the ion calculated in t e rms  
o.f the corresponding Coulomb cross  section, i .c. ,  with V ~ 10 -21 cm 3. Assumption 5) should be achieved 
quite well at  aU distances when the magnitude of the cathode-potential drop is iess than the temperature  of 
the ions in the body of the plasma. As, under rea l i s t ic  conditions, this rat io is of the order  of a few units, 
then, the concentrat ions can vary  by not more  than a factor  of 2 or  3, This is reflected somewhat in the 
nature of the distr ibution function for the region of small  fields, but in the region of strong fields, there 
will be a lmost  no change. On the other hand, conditions a re  possible when this effect may be found to be 
considerable.  Consequently, the range of applicability of assumption 5) requi res  refinement.  Assumption 
6) is sat isf ied well for fields E > 2 . 1 0  4 V/cm with n > 1018 cm -3 as,  if the distribution function of a "sec-  
ond" particle f2(E) be calculated, it is found thatf2(E)/ f(E) < 0.1 when E > 2 .10  4 V/cm. Thus, the d is t r i -  
bution (11) descr ibes  quite accura te ly  the behavior  of the normal  component of the e lectr ic  field when n = 
!013 to 1018 cm-3o We shall now determine the average value of the thermionic current ,  calculated accord-  
ing to the distribution in Eq~ (11)* 

] = I ]o(E)](E)dE 
0 

(13) 

After evaluation, we have 

j=AT2e~:P \ - - - kT]  ~- 5 - ~ , 2  exp\  kT~ /_1\ + e~-E--~/ 

The dependence of j on the average value of the e lec t r ic  field strength (E> is interest ing:  

(14) 

(15) 

where (E> is determined by the formula  

E ,  

<E> = I E] (E) dE = \ - ] 3 ~ ]  P (1/31 
o 

(16) 

The quantity E ,  occurs  in formulas  (14) and (15), i .e. ,  the maximum possible value of the field s trength 
at a given point. It depends on the fact that at some distance r ,  f rom the surface of the cathode an ion is 
still detachable f rom it. This was assumed to be 2 010 -8 cm in [4]. According to the est imates  made in [5], 
this distance can be assumed to be 10 -s cm. In [6], a distance equal to the De Broglie wavelength is con- 
s idered:  0.9 �9 10 "~ cm. Calculations by formula (14) showed that even if we take the maximum of the values 
considered for r , ,  which corresponds  to the minimum value of E . ,  then, the emiss ion currents  drawn 
f rom the cathode are  found to be considerably higher than those calculated by formula (1). 

Thus, in view of the impossibi l i ty  of obtaining the relat ion E = E(t) for an a rb i t r a ry  point of the cath- 
ode, since the field strength there is a random quantity, it is necessa ry  to const ruct  the distribution func- 
tion of the probabili ty density f (E) ,  and to calculate the emiss ion  cur ren t  density f rom the cathode by 

�9 In the general  case ,  the emiss ion  of electrons in a plasma of average cur ren t  density can be calculated by 
taking into account  that the energy distribution of the electrons n (~) in the metal and the t ransmit tance of 
the b a r r i e r  ~ (% E) is 

co 

/ = e S n (~) ~ (% E) d~ 
o 

2 9 9  



formula  (14). This pe rmi t s  an explanation of the quite high emis s ion  cu r r en t  obtained in the expe r imen t  in 
compar i son  with ihat calculated by Richardson 's fo rmula  with the Schottly cor rec t ion .  

It  can be seen  f r o m  formula  (14) tha t  the emiss ion  cu r ren t  densi ty is propor t ional  to the ion concen- 
t ra t ion .  This r e su l t  has been conf i rmed qual i tat ively in p re l imina ry  exper imen t s .  

The p lasma  concentra t ion in the cathode region has been  a s sumed  constant,  but it will be n e c e s s a r y  
to find the re la t ion  between this value of the concentrat ion and the value of the concentra t ion  in the main 
body of the p lasma;  for  this ,  the solution of a complete  c losed s y s t e m  of equations is requi red  for the cath- 
ode l aye r .  
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